The results of an investigation of the performance of a time-division-addressed fiber-optic gas-sensor array by means of wavelength modulation of a distributed-feedback ͑DFB͒ laser are reported. The system performance is found to be severely limited by the extinction ratio of the optical switch used for pulse amplitude modulation. Formulas that relate the cross-talk level to the extinction ratio of the switch, the modulation parameters of the DFB laser, and the optical path differences among sensing channels are derived. Computer simulation shows that an array of 20 methane gas sensors with a detection sensitivity of 2000 parts in 10 6 ͑ppm͒ ͑10-cm gas cell͒ for each sensor may be realized with a commercially available single Mach-Zehnder amplitude modulator ͑Ϫ35-dB extinction ratio͒. An array of 100 sensors with a 100-ppm detection sensitivity for each sensor may be realized if a double MachZehnder amplitude modulator is used.
Introduction
Optical fiber gas sensors based on the absorption of light at near-IR wavelengths ͑1-1.8 m͒ have attracted considerable attention over the past ten years or so. [1] [2] [3] [4] [5] [6] [7] [8] [9] The advantages of fiber sensors include their remote detection capability, safety in hazardous environments, and immunity to electromagnetic fields. The gases that can possibly be detected include methane, acetylene, hydrogen sulfide, carbon dioxide, and carbon monoxide. 1 Early optical gas sensors used light-emitting diodes ͑LED's͒ as light sources 2 and showed relatively low sensitivities. The broadband illumination bandwidth of the LED's means that other hydrocarbons also produce absorption. A Fabry-Perot comb filter tuned to the gas ͑methane͒ absorption-line spectrum demonstrated higher sensitivity and greatly enhanced selectivity within a fiber-coupled open-path bulk cell. 3 Selectivity and sensitivity can be further enhanced by the use of distributed-feedback ͑DFB͒ lasers. 4 -9 These sources give high spectral power densities within a linewidth that is narrower than a single absorption line in the absorption spectrum. Selectivity can be ensured by the laser's being tuned to a reference cell that contains the same gas as that to be monitored. 4, 5, 8 By wavelength modulation with a DFB laser and a synchronous detection technique, sensitivities down to less than 1 parts in 10 6 ͑with a 1-m-long equivalent gas cell͒ have been demonstrated.
The high sensitivity of the DFB system has allowed the use of simple short-path-length microcells but with preservation of a reasonable sensitivity that is adequate for many practical applications. The engineering of the sensor cells is greatly simplified, with a consequent reduction in cost, by use of the short path lengths that the high sensitivities allow. A sensitivity of better than 800 parts in 10 6 ͑ppm͒ has been demonstrated with a 25-cm micro-optic cell. 8 The sensitivity can be enhanced ten times by use of novel customized microcells and the proper wavelength modulation. 9, 10 However, a single-cell system is of relatively high cost and has difficulty competing with catalyticbased sensors because of the high cost of the DFB lasers. A multiplexed array of low-cost microoptic-cell sensors sharing the same DFB laser and the same signal processing unit would greatly reduced the cost in terms of cost per point. These multipoint sensing systems would have a role to play in large-area gas-monitoring applications such as natural-gas-fired power plants, 11 coal mines, etc. In this paper I consider a time-division-multiplexed gas-sensor network of ladder array topology; I study the sensitivity limit of the sensor array and focus on the effect of a limited extinction ratio of the optical switch on the detection sensitivity of the sensors. An analysis of the performance as limited by shot noise is presented in Section 2; cross talk caused by incoherent and coherent effects due to the limited extinction ratio of the optical switch is discussed in Section 3; the performance of a particular methane gas-sensor array is presented in Section 4; a discussion of the effects of polarization, source coherence, and phase noise is given in Section 5; and a summary is presented in Section 6. Figure 1 shows the multiplexed gas-sensor system that we are going to analyze in the following sections. The system uses time-division addressing and a forwardcoupled array topology. This topology was chosen because it can be efficiently used for multiplexing transmission-type gas sensors. Transmission-type gas sensors are preferred, as they have better performance than reflective-type sensors in minimizing the multipath interferometric effect and therefore provide better sensitivity. 9 The forward-coupled array topology is preferred to the normal ladder array configuration, as the forward-coupled array is more tolerant of the coupling ratios of the couplers required for balancing the sensor performance. 12 It is assumed that the optical path differences between adjacent channels are the same. ⌬T is the time-delay difference between adjacent sensors, and N is the number of sensor channels. If the period ͑͒ and the width ͑T p ͒ of the input optical pulse amplitude modulation satisfy the conditions
Shot-Noise-Limited Sensor Performance
the pulses from different sensor channels will be separated in the time domain when they arrive at the photodetector and can be separated by electronic switching after photodetection. The optical power levels of different channels at the photodetector can be balanced if the coupling ratios of the couplers satisfy the condition 12
where k j represents the coupling ratio of the jth coupler, as indicated in Fig. 1 , for j ϭ 1, 2, . . . N Ϫ 1. It is assumed that the peak power of the input pulses is P 0 and that the power losses associated with each individual sensor channel are the same and are equal to ␣ l 2 . The peak power of each received pulse will be ␣ l 2 P 0 ͞N 2 . The average optical power for each sensing channel and the total average optical power at the receiver will then be ͑␣ l 2 P 0 ͞ N 2 ͒͑T p ͒͞ and ͑␣ l 2 P 0 ͞N͒͑T p ͒͞, respectively. The shot-noise current at the detector output is proportional to the square root of the total average optical power at the photodetector. Assuming that an ideal electric switch is used as the demultiplexer and that the switch is synchronized with the optical switch, the root-mean-square ͑rms͒ amplitude of the shot-noise current, after switching ͑demulti-plexing͒, for each individual sensing channel may be expressed as 13 i n,rms ϭ ͩ
where R is the responsivity of the photodetector, q is the electron charge, and B is the detection bandwidth. For simplicity B is assumed to be the same for all sensor channels. Consider a gas-sensing system that uses wavelength modulation, where the laser wavelength is locked to the center of the gas absorption through the use of a reference gas cell 4, 5, 8, 9 and the secondharmonic signal is used as a measure of gas concentration; the rms value of the second-harmonic signal current for an individual sensor may be written as 14
where C is the gas concentration, L is the interaction length ͑the length of the gas cell͒, and k is a dimensionless constant that depends on the amplitude of the wavelength modulation and the linewidth of the gas absorption line. 14 The gas absorption line is assumed to be collision broadened with a Lorentzian shape, and ␣ 0 is the absorption coefficient for pure gas at the center of the absorption line. The shot-noise-limited detection sensitivity for the second-harmonic detection technique can be obtained with the second-harmonic signal, given by Eq. ͑4͒, set equal to the shot-noise contribution given by Eq. ͑3͒ and can be expressed as
The optimal result is obtained when ⌬T ϭ T p and NT p ϭ N⌬T ϭ , and the shot-noise-limited detection sensitivity can then be written as
Cross-Talk Analysis
In practice, other noises may well exceed the shotnoise level and limit the system performance. A major limiting factor for the system shown in Fig. 1 is the cross talk among different sensors caused by the nonideal optical switch used for input pulse generation. A practical optical switch has a limited extinction ratio; that is, when the switch is in an off state, there is still a small amount of light passing through the optical switch. The extinction ratio, which is defined as the ratio of the low power level ͑P L , when the switch is off ͒ and the high power level ͑P H , when the switch is on͒, i.e., ␣ e 2 ϭ 10 log P L ͞P H , is of the order of Ϫ30 to Ϫ35 dB for a single Mach-Zehnder switch and can reach Ϫ60 dB for a cascaded switch consisting of two Mach-Zehnder interferometers. 15 In this section we analyze the effect of this limited extinction ratio on the performance of the multiplexed system. For a DFB laser with its wavelength modulated by current modulation, i ϭ i 0 ϩ i m sin t at low modulation frequencies ͑e.g., less than 100 MHz͒, the laser output electric field may be expressed as 16 E͑t͒ (7) where L0 is the average laser frequency, Lm is the amplitude of the frequency ͑wavelength͒ modulation, and is the amplitude-modulation index.
Assuming a square pulse amplitude modulation with an extinction ratio 17 of ␣ e 2 , the electric field after the optical switch may be expressed as where m ϭ 0, 1, 2, . . . and is a phase difference between the on and the off states that is caused by the optical switching. 18 The insertion loss of the switch has been omitted in the analysis, as it can be regarded as a reduction in the input power P 0 .
The output electric field from the sensor array will be a summation of electric fields from all the individual sensors, i.e.,
with E i0 ͑t͒ given by where ␣͑͒ is the amplitude absorption coefficient of the gas and i ͑t͒ is a random time-varying phasor that is due to the changing environment. Under atmospheric pressure the gas absorption line is collision broadened, and the line shape is given by a Lorentzian distribution. 14 The gas absorption also induces refractive-index changes and therefore phase changes of the light wave when it passes through the
gas cell. However, under the condition of low gas concentration such that ␣͑͒CL Ͻ Ͻ 1, the phase variation caused by gas absorption can be neglected. 14 In what follows we shall look at the demultiplexer output corresponding to channel i and study the performance limitation of channel i ͑sensor i͒ caused by cross talk from other sensors. To simplify the analysis, I use the following approximations:
These approximations are useful in simplifying the analysis of the intensity-modulation-and the gasabsorption-related effects ͓the second and the third terms in the braces in Eq. ͑20͔͒ and are correct for i⌬T Ͻ Ͻ ͞2, i ϭ 1, 2 . . . , N Ϫ 1. The use of these approximations will set an upper limit on the delay time ͑or maximum optical path length difference͒ between individual sensors. As the modulation frequencies used in practical modulation spectroscopy fiber gas sensors 4, 5, 8, 9 are usually low ͑͞2 Ͻ 30 kHz͒, the optical path length difference allowed for satisfying this condition ͑i⌬T Ͻ Ͻ ͞2͒ can be reasonably long. Assuming N⌬T Յ ͞10 ͑18°͒ for f ϭ 10 kHz, we have N⌬T ϭ 1͑͞20f ͒ Յ 5 s, corresponding to a fiber length of 1 km. This length may already be longer than the coherence length of many DFB lasers. The light intensity output from the sensor array can be calculated from Eqs. ͑9͒ and ͑10͒ and may be divided into four categories: the signal light intensity of channel i, I 0i ͑t͒ ϭ ͉͗E i0 ͑t͉͒ 2 ͘; the light intensities from other channels ͑incoherent cross-talk terms͒, I inc ͑t͒ ϭ ¥͉͗E j0 ͑t͉͒ 2 ͘, j ϭ 1, 2, . . . , N, j i; mixing between the electric field of channel i and the other channels, 2¥ Re͗E i0 ͑t͒ E j0 ͑t͒͘, j ϭ 1, 2, . . . , N, j i, ͑here we call it the first-order coherent cross talk͒, where Re represents the real part; and mixing among the electric fields from channels other than channel i, i.e., 2¥ Re͗E k0 ͑t͒ E m0 ͑t͒͘, m ϭ 1, 2, . . . , N, k Ͼ m, k i, m i ͑second-order coherent cross talk͒.
Assuming that an ideal electric switch is used and synchronized with the input optical switch, the demultiplexed output that is used as the output for sensor i will pass the light signals only within the time interval m ϩ i⌬T Ͻ t Ͻ m ϩ i⌬T ϩ T p ͑m ϭ 0, 1, 2 . . . , i ϭ 1, 2, . . . , N͒. The light signal within this time slot includes the four categories mentioned above. The signal intensity of channel i within this time interval may be expressed as
The incoherent cross talk may be expressed as
The first-order coherent cross talk may be expressed as
where
The second-order coherent cross talk may be expressed as
In relation ͑17͒ we have neglected the effect of intensity modulation and the effect of gas absorption, as they are small compared with the direct interferometric effect. 9, 14 With the second harmonic taken as the output signal, for low gas concentration such that ␣ 0 CL Ͻ Ͻ 1, the average signal intensity can be obtained from Eq. ͑12͒ and is expressed as 14
Obviously, I 2 is proportional to the second-harmonic signal current as given by Eq. ͑4͒ ͑with T p ͞ ϭ 1͒. The second-harmonic amplitude of the incoherent cross talk can be obtained from relation ͑13͒ and is expressed as
The second harmonic of the first-order coherent mixing term can be derived from relation ͑14͒ and is expressed as
where J 0 , J 1 , . . . J 4 are Bessel functions of the first kind. The three terms in the braces in Eq. ͑20͒ may be regarded as having different origins. The first term is directly caused by the interferometric effect, the second term is proportional to the intensity modulation, and the third term is proportional to gas concentrations. As we are interested in low gas concentrations, i.e., ␣ 0 C i L Ͻ Ͻ 1 ͑i ϭ 1, 2, . . . , N͒, and the value of is usually small, 14 the first term is usually much larger than the other two terms. The second harmonic of the second-order coherent cross talk may be obtained from relation ͑17͒ and is written as
By setting the signal given by Eq. ͑18͒ equal to that given by Eq. ͑19͒, we obtain the detection sensitivity in terms of minimum detectable gas concentration limited by incoherent cross talk ͑signal-to-noise ratio of 1͒ as
where C max represents the upper limit of gas concentration; for simplicity, we assume that it is the same for all the sensors. By setting the signal given by Eq. ͑18͒ to the noise amplitude given by the first term in braces in Eq. ͑20͒, we can calculate the detection sensitivity determined by the first-order direct interferometric effect:
As ij includes a random time-varying phasor i ͑t͒ Ϫ j ͑t͒, it is logical to take the rms value of ͓␣ 0 C i L͔ min , i.e.,
The detection sensitivity limited by the amplitudemodulation factor can be obtained in a similar way by use of Eq. ͑18͒ and the second term in braces in Eq. ͑20͒ and is expressed as
The detection sensitivity set by the gasconcentration-related cross talk can be obtained by use of Eq. ͑18͒ and the third term in braces in Eq. ͑20͒ and is expressed as
Under the condition that C i 3 0, the rms value of ͓C i ͔ min may be expressed as
The detection sensitivity limited by the secondorder coherent cross talk can be obtained by use of Eqs. ͑18͒ and ͑21͒,
There are ͑N 2 Ϫ 3N ϩ 2͒͞2 terms in the summation in the square root. Comparing the second-order with the first-order coherent cross talk, the secondorder effect is proportional to ␣ e 2 instead of ␣ e ; however, there are ͑N 2 Ϫ 3N ϩ 2͒͞2 terms for the second-order effects instead of N terms as for the first-order effect.
Relations ͑6͒, ͑22͒, ͑24͒, ͑25͒, ͑27͒, and ͑28͒ can be used to evaluate the sensitivities of sensors limited by shot noise and by various interferometric-related effects.
Performance of a Methane Gas-Sensor Array
Here we consider a particular methane gas-sensor array that is based on absorption at 1665.5 nm ͓Q͑6͒ line, Ref. 14͔. At this wavelength the absorption coefficient is ␣ 0 Ϸ 0.1 cm
Ϫ1
. The length of the gas cell is assumed to be L ϭ 10 cm, giving ␣ 0 L Ϸ 1. The amplitude of the frequency modulation is approximately twice the linewidth of the Q͑6͒ line and is ϳ4 GHz. This gives a scale factor of k Ϸ 0.34, corresponding to the theoretical optimal value for the second-harmonic detection technique. 14 Other system parameters 14 are P 0 ϭ 2 mW, ␣ l 2 ϭ 0.6, ϭ 0.2, q ϭ 1.6 ϫ 10 Ϫ19 C, R ϭ 0.55. Here I report the performance of sensor 1, which I evaluate by using relations ͑6͒, ͑22͒, ͑24͒, ͑25͒, ͑27͒, and ͑28͒ and setting i ϭ 1. The performances of other sensors were evaluated in the same way, with i set to different integers from 2 to N, and were found to be more or less the same as sensor 1.
The shot-noise-limited detection sensitivity as a function of sensor number can be obtained from Eq. ͑6͒ and is ͓C͔ s ͑͞B͒ 1͞2 ϭ 4.6 ϫ 10 Ϫ8 N 3͞2 ͞Hz
1͞2
. For a sensor array of as many as 100 sensors, ͓C͔ s ͑͞B͒ 1͞2 is below 50 ppm͞Hz 1͞2 . The minimum detectable gas concentration limited by incoherent cross talk increases linearly with the sensor number and is proportional to the extinction ratio ␣ e 2 ͓Eq. ͑22͔͒. Assuming that the maximum measurable gas concentrations for all the sensors in the array are the same and are C max ϭ 5%, for a commercially available single Mach-Zhender amplitude modulator ͑switch͒ of extinction ratio Ϫ30 dB ͑␣ e 2 ϭ 10 Ϫ3 ͒, to achieve 1000-ppm sensitivity, the maximum sensor number is 20. To realize a sensor array of 100 sensors and of the same sensitivity, the required extinction ratio set by incoherent cross talk is less than 37 dB. For a double Mach-Zhender amplitude modulator of extinction Ϫ60 dB, the detection sensitivity can be as small as 5 ppm. Figure 2 shows the sensor performance limited by the direct interferometric effect as a function of the time-delay difference between adjacent channels ͓cal-culated from Eq. ͑24͔͒ for various sensor numbers at a modulation frequency of 10 kHz. The upper curve in the figure is for N ϭ 100, and the lower curve is for N ϭ 20. The vertical axis is normalized by ␣ e , the square root of the extinction ratio of the switch. For a particular extinction ratio, e.g., Ϫ40 dB ͑␣ e 2 ϭ 10 Ϫ4 ͒, one can obtain the minimum detectable gas concentration simply by multiplying the value shown on the vertical axis by ␣ e ϭ 10 Ϫ2 . It can be seen from Fig. 2 that the sensor resolution can be improved by approximately 5 and 10 times when the delay between sensors is increased from close to zero to ⌬T ϭ 20 ns and ⌬T ϭ 100 ns, respectively. This corresponds to 4 and 20 m in terms of the difference in fiber lengths between the adjacent sensor channels. These results are expected because, for low modulation frequencies, the modulation index ij as defined in Eq. ͑15͒ can be approximated as ij Ϸ 2 Lm ͑i Ϫ j͒⌬T. An increase in ⌬T will increase the value of ij and would in general result in a decrease in J 2 ͑ ij ͒. When the modulation frequency is high ͑e.g., 100 MHz͒, the above approximation will not hold and ij will vary periodically with ⌬T because of the sin ͑i Ϫ j͒⌬T dependence as implied by Eq. ͑15͒. The interferometric effect thus cannot be reduced by the delay's being increased between sensors. At 10 kHz, for ␣ e 2 ϭ Ϫ35 dB and ␣ e 2 ϭ Ϫ60 dB, the minimum detectable gas concentration ͑for ⌬T ϭ 100 ns, N ϭ 20 or N ϭ 100͒ is ϳ2000 and ϳ100 ppm, respectively. Figure 3 shows the minimum detectable gas concentration determined by the amplitude-modulationrelated effect at a modulation frequency of 10 kHz. The modulation characteristics are similar to those for a direct interferometric effect, except that the magnitude is approximately one fourth as large. We Fig. 2 . Normalized minimum detectable gas concentration ͕͓C 1 ͔ min,rms ͞␣ e , calculated from Eq. ͑24͖͒ versus time-delay difference ͑⌬T͒ between sensor channels. f ϭ 10 kHz; upper curve, N ϭ 100; lower curve, N ϭ 20. Fig. 3 . Normalized minimum detectable gas concentration ͕͓C 1 ͔ min,rms ͞␣ e , calculated from Eq. ͑25͖͒ versus time-delay difference ͑⌬T͒ between sensor channels. f ϭ 10 kHz; upper curve, N ϭ 100; lower curve, N ϭ 20. may need to consider this effect once the direct interferometric effect is minimized. Figure 4 shows the minimum detectable gas concentration determined by the gas-absorption-related effect at a modulation frequency of 10 kHz. This effect shows a similar trend as and is much smaller than the two effects mentioned above. Figure 5 shows the minimum detectable gas concentration limited by the effect of second-order coherent cross talk as a function of time-delay differences between adjacent channels. In Fig. 5 the values shown on the vertical axes are normalized by ␣ e 2 instead of ␣ e . At a low modulation frequency ͑10 kHz͒, for ␣ e 2 ϭ Ϫ35 dB and ⌬T ϭ 100 ns, the minimum detectable gas concentration for N ϭ 20 is ϳ500 ppm. It can increase to 4000 ppm for N ϭ 100.
This value is higher than the first-order interferometric effect, implying that for a large array with a lowextinction-ratio optical switch, the second-order effect could be dominant. For ␣ e 2 ϭ Ϫ60 dB, the minimum detectable gas concentration limited by the second-order coherent cross talk for N ϭ 100 is of the order of 10 ppm.
Discussion
In Section 3 we assumed that the polarization states of different sensor channels are the same. In practical systems with single-mode optical fibers, the polarization states in different channels may be different and may change randomly with environmental disturbances. The effect of the different polarization states is to reduce the magnitude of the mixing terms as given by relations ͑14͒ and ͑17͒, which in turn reduces the magnitude of the coherent cross talk. A factor of cos i, j ͑i, j ϭ 1, 2, . . . , N, i j͒ may be inserted into the right-hand side of relations ͑14͒ and ͑17͒ to account for the polarization effect. Here ij represents an angle between the polarization vectors of channel i and channel j. If we assume that each ij varies randomly and independently of the others, the rms value of the lower detection limit given by relations ͑24͒, ͑25͒, ͑27͒, and ͑28͒ should be multiplied by a factor of 1͞ ͌ 2.
In the discussion in Section 3 we have also assumed that the source coherence length is very long, longer than the optical path difference between the first sensing channel and the last sensing channel ͑L c Ͼ N⌬Tc͞n͒. In practice, however, the source coherence is limited, and for typical DBF lasers the source linewidth is of the order of 10 -100 MHz, corresponding to a coherence length of 10 -100 m. For the case of limited coherence lengths, the coherencerelated cross talk may be analyzed in a way similar to the following: We again look at the performance of sensor 1. If the coherence time ͑ c ϭ L c ͞c͒ of the source satisfies l⌬T Ͻ c Ͻ ͑l ϩ 1͒⌬T, only signals from channels 2, 3, . . . , l would contribute significantly to the first-order coherence-related cross talk. The lower detection limit of sensor 1 can be calculated from relations ͑24͒, ͑25͒, and ͑27͒ with i ϭ 1 and with N replaced with l. As l Ͻ N, the cross talk should be reduced compared with the case of an infinitely long coherence length. Consider a particular case in which ⌬T Ͻ c Ͻ 2⌬T: Only the second sensor will contribute significantly to the first-order coherencerelated cross talk; contribution from other sensors should be negligible. For the second-order coherence-related cross talk, the situation becomes slightly complicated. However, the cross talk may be calculated by one's considering only those terms in Eq. ͑28͒ that satisfy the condition ͉m Ϫ k͉⌬T Ͻ c . When c Ͻ Ͻ ⌬T, all first-and second-order interference terms should vanish, and the system performance would be limited only by the incoherent effect, which can be evaluated by use of Eq. ͑22͒.
Because the sensing system is characterized by many paths, the laser phase noise will be converted into intensity noise and limit the system perfor- Fig. 4 . Normalized minimum detectable gas concentration ͕͓C 1 ͔ min,rms ͞␣ e , calculated from relation ͑27͖͒ versus time-delay difference ͑⌬T͒ between sensor channels. f ϭ 10 kHz; for N ϭ 20 or N ϭ 100, the results are the same. Fig. 5 . Normalized minimum detectable gas concentration limited by the second-order interferometric effect ͕͓C 1 ͔ min,rms ͑͞␣ e ͒ 2 , calculated from Eq. ͑28͖͒ versus time-delay difference ͑⌬T͒ between sensor channels. f ϭ 10 kHz; upper curve, N ϭ 100; lower curve, N ϭ 20.
mance. The laser-phase-induced intensity noise in an interferometer system has been studied in detail by Moslesi, 19 and for our applications the ratio of laser-phase-induced intensity noise to the power of coherent cross talk that is due to the limited extinction ratio of the optical switch is found to be less than B c . Here c is the coherence time of the DFB laser. Assuming a DFB laser with a 10-MHz linewidth and a detection bandwidth of 10 Hz, B c should be less than 10
Ϫ6
, indicating that the laser-phase-noise contribution is much less than the cross talk caused by coherent or incoherent effects arising from the limited extinction ratio of the optical switch.
Summary
The performance of a time-division-addressed gassensor array with a ladder topology has been examined. It has been found that the system performance depends strongly on the extinction ratio of the optical switch used. For an optical switch with an extinction ratio of Ϫ35 dB and a gas cell 10 cm long, a methane gas-sensor array of as many as 20 sensors with detection sensitivities of 2000 ppm for each sensor may be realized by use of low-frequency modulation and an appropriate delay between sensing channels ͑Ͼ100 ns or 20 m͒. With an optical switch with an extinction ratio of Ϫ60 dB, the minimum detectable gas concentration may be reduced to 100 ppm.
